ABSTRACT Most chemoattractants rely on activation of the heterotrimeric G-protein Gαi to regulate directional cell migration, but few links from Gαi to chemotactic effectors are known. Through affinity chromatography using primary neutrophil lysate, we identify Homer3 as a novel Gαi2-binding protein. RNA interference-mediated knockdown of Homer3 in neutrophillike HL-60 cells impairs chemotaxis and the establishment of polarity of phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) and the actin cytoskeleton, as well as the persistence of the WAVE2 complex. Most previously characterized proteins that are required for cell polarity are needed for actin assembly or activation of core chemotactic effectors such as the Rac GTPase. In contrast, Homer3-knockdown cells show normal magnitude and kinetics of chemoattractant-induced activation of phosphoinositide 3-kinase and Rac effectors. Chemoattractant-stimulated Homer3-knockdown cells also exhibit a normal initial magnitude of actin polymerization but fail to polarize actin assembly and intracellular PIP 3 and are defective in the initiation of cell polarity and motility. Our data suggest that Homer3 acts as a scaffold that spatially organizes actin assembly to support neutrophil polarity and motility downstream of GPCR activation.
INTRODUCTION
Directed cell migration plays a central role in many physiological and pathological processes from development to homing of immune cells such as neutrophils, to cancer metastasis. Most chemoattractant receptors mediate activation of motility effectors through Gαi-family heterotrimeric G-proteins (Neptune and Bourne, 1997; Rickert et al., 2000) . Genetic ablation of Gαi2 or pharmacological inhibition of Gαi signaling blocks chemotaxis toward most agonists for neutrophils (Spangrude et al., 1985; Wiege et al., 2012) and other cells (Kumagai et al., 1991) .
On binding chemoattractant, G-protein-coupled receptors (GPCRs) trigger GDP to be exchanged for GTP on Gαi2, thereby inducing Gαi to dissociate from Gβγ. Both Gαi2-GTP and Gβγ interact with downstream signaling partners (Oldham and Hamm, 2008) . Many potential links from Gβγ to downstream chemotactic effectors are known, including phosphatidylinositol 3-kinase (PI3K)-γ (which stimulates of phosphatidylinositol 3,4,5-triphosphate [PIP 3 ] production; Stephens et al., 2008) , P-Rex1 and Dock2 (activators of Rac1 and Rac2 GTPases; Welch et al., 2002; Dong et al., 2005; Kunisaki et al., 2006) , and phospholipase β (which hydrolyzes phosphatidylinositol 4,5-bisphosphate into diacylglycerol and inositol trisphosphate; Tang et al., 2011) .
2001; Sala et al., 2001; Fagni et al., 2002; Hwang et al., 2003; Moutin et al., 2012) . In our affinity chromatography experiments, Homer3 bound to GDP-loaded GST-Gαi2 and GST-Gαi2 loaded with GTP analogues GDP-AlF 4 and Gpp(NH)p with relatively similar peptide counts (Supplemental Figure S1 and Supplemental Tables S1-S4). The interaction between Homer3 and Gαi2 was confirmed via GST pull-down assays in neutrophil lysate ( Figure 1B ). The binding between Gαi2 and Homer3 is direct, as shown with GST pull-down assays using proteins purified from bacteria, and independent of whether Gαi2 is loaded with GDP or Gpp(NH)p ( Figure 1C ).
Since we were most interested in novel Gαi2 interactors relevant to chemotactic signaling, we assayed whether Homer3 was necessary for neutrophil chemotaxis. Using the neutrophil-like differentiated HL-60 cell line, we knocked down the expression of Homer3 with lentiviral shRNAs (Figure 2A and Supplemental Figure  S2 ; Hauert et al., 2002) . Differentiated HL-60s infected with nonsense (control) or Homer3 shRNA were assessed with a Transwell chemotaxis assay in which cells migrate through a microporous filter toward a source of chemoattractant. When presented with a gradient of the Gαi-coupled GPCR ligand formyl-methionyl-leucyl-phenylalanine (fMLP), Homer3-knockdown cells exhibited a sixfold decrease in migration ( Figure 2B ). The chemotaxis defect was observed in two independent lines, each expressing a different shRNA against Homer3. The magnitude of the defect scaled with the degree of Homer3 knockdown as measured by real-time PCR (Figure 2A ). We chose the line with the higher knockdown efficiency (shRNA 1) for all of our subsequent experiments.
Although Transwell assays can uncover a defect in chemotaxis, this device does not allow for direct visualization of cells during their migration. This makes it difficult to determine whether the chemotaxis defect represents an impairment in speed, directionality, or persistence. To address this question, we used time-lapse microscopy to visualize Homer3-knockdown cells during random cell migration after stimulation with uniform chemoattractant. We used a "chimney assay" (Malawista and de Boisfleury Chevance, 1997) in which cells are resuspended into a small volume of liquid sandwiched between two coverslips. In this context, migration is not dependent on cellular adhesion, enabling us to screen for cells whose lack of movement is not a consequence of a failure to adhere to the substrate. A substantial fraction of the Homer3-knockdown cells fail to move in this context ( Figure 3A and Supplemental Movies S1-S3). These nonmotile cells either extended short protrusions that were quickly retracted or completely failed to protrude.
Homer3-knockdown cells not only exhibited a significant increase in the proportion of nonmotile cells, but they also exhibited subtle defects in the motile population of cells. The Homer3-knockdown cells showed a significant increase in the length of pauses between migratory events ( Figure 3B and Supplemental Movie S4), consistent with a general defect in initiation of migration. However, Homer3-knockdown cells have a normal overall persistence and speed of cell movement (Figure 3, C and D) . Therefore Homer3 appears to play a prominent role in initiation of migration but does not seem to affect the maintenance of migration.
Does the motility defect for Homer3-knockdown cells represent a general lack of activation of heterotrimeric G-protein effectors, as observed for the Ric8 protein in Dictyostelium (Kataria et al., 2013) ? To investigate whether there is a general defect in signaling, we assayed calcium release from Homer3-knockdown cells after stimulation. Calcium release was assessed by loading cells with the cell-permeable calcium indicator dye fluo-4 AM and measuring fluorescence intensity in individual cells before and after stimulation with fMLP (Dandekar et al., 2013) . A similar proportion of cells responded in Chemoattractant stimulation generates several intracellular signaling asymmetries that organize filamentous actin (F-actin) at the leading edge and actomyosin at the trailing edge (Wang, 2009; Berzat and Hall, 2010) . For example, activation of the small GTPase Rac is localized to the leading edge and is necessary and sufficient for actin assembly and migration in neutrophils (Gardiner et al., 2002; Sun et al., 2004; Zhang et al., 2009; Yoo et al., 2010) and other cells (Allen et al., 1998; Chung et al., 2000; Levskaya et al., 2009; Wu et al., 2009) . Rac activates the WAVE2 complex, which promotes actin polymerization through the Arp2/3 complex (Weiner et al., 2006; Lebensohn and Kirschner, 2009; Chen et al., 2010; Koronakis et al., 2011) . The phospholipid PIP 3 also accumulates at the leading edge and plays a role in neutrophil migration in vivo (Yoo et al., 2010) . How these molecules achieve their polarized distribution during chemotaxis is not known.
Whether Gαi2 has its own suite of distinct chemotactic effectors or whether it is simply a handle to release Gβγ is only beginning to be understood. Recent studies have begun to identify Gαi2-specific effectors in chemotaxis, such as mInsc, which indirectly binds Gαi2-GDP at the leading edge to direct neutrophil migration through the recruitment of polarity effectors (Kamakura et al., 2013) . In addition, Dock180, a Rac activator homologous to Dock2, has also been shown to be a potential Gαi2 effector (Li et al., 2013) .
Here we identify Homer3 as a novel Gαi2-interacting protein that regulates actin organization in neutrophils. Homer3, a member of the Homer family of scaffold proteins, has been shown to play a role in actin dynamics after stimulation in neurons and T-cells (Ishiguro and Xavier, 2004; Shiraishi-Yamaguchi and Furuichi, 2007; ShiraishiYamaguchi et al., 2009 ), but its role in chemotaxis is unknown. Here we show that Homer3 spatially organizes actin assembly to support efficient polarity and motility in neutrophils.
RESULTS
We previously used affinity chromatography to identify novel Gα effectors in Dictyostelium (Kataria et al., 2013) and sought to use a similar approach to identify Gαi effectors in neutrophils. Glutathione S-transferase (GST)-tagged Gαi2 was purified and incubated with neutrophil lysate harvested from cavitated pig leukocytes. The GSTGαi2 and associated proteins were then isolated and separated by SDS-PAGE. The protein bands were analyzed by mass spectrometry. A total of four independent pull-down screens (two GST-Gαi2-GDP, one GST-Gαi2-Gpp(NH)p, and one GST-Gαi2-GDP-AlF 4 ) identified several known Gαi-interacting proteins, including RASA3, TNFAIP8, Gβγ, RGS3, and RIC8A ( Figure 1A ; Neptune and Bourne, 1997; Anger et al., 2007; Nafisi et al., 2008; Laliberté et al., 2010; Kataria et al., 2013) . We identified new potential targets as well. From this list of Gαi2-interacting proteins, we were most interested in proteins that have functional domains predicted to regulate the cytoskeleton or for which genetic evidence exists in other systems implicating them in actin assembly or cell motility. From this prioritized list of Gαi2 interactors, we tested each candidate for a role in directed cell migration with a follow-up short hairpin RNA (shRNA)-based chemotaxis screen in neutrophil-like HL-60 cells (Supplemental Figure S1 ).
Homer3, a novel Gαi interactor, was identified in both the Gαi2 interaction screen and the follow-up genetic screen. Homer3 is part of a family of scaffolds that binds a variety of proteins relevant to chemotaxis signaling, including actin and Rac1 (Shiraishi et al., 1999; Shiraishi-Yamaguchi and Furuichi, 2007; Shiraishi-Yamaguchi et al., 2009) . Homer proteins have been primarily studied in neurons, where they localize to the synapse and participate in calcium signaling, axon guidance, and dendritic spine morphology (Foa et al., FIGURE 1: Identification of Homer3 as a neutrophil protein that binds Gαi2. (A) Network analysis of the proteins captured by one or more Gαi2 baits after affinity chromatography in pig leukocyte lysates. The baits are shown in gray, and the proteins are shown in blue. For each protein-bait combination, the numbers at the arrows show the counts, and the width of the lines represents the Z P score. (B) Affinity chromatography with GST-Gαi2 or GST alone for neutrophil lysate containing FLAG-Homer3. Eluted GST-tagged bait plus associated proteins and final wash fraction were subjected to SDS-PAGE and analyzed by immunoblot with anti-FLAG antibody. (C) Affinity chromatography-based test for direct interaction between purified, bacterially expressed Homer3 (prey) and GST-Gαi2 or GST alone (baits). Homer3 directly binds to both GST-Gαi2-GDP and GST-Gαi2-Gpp(NH)p with similar affinity (n = 5; not significantly different). "Beads" refer to baits without Homer3 (prey). Samples were analyzed with SDS-PAGE and stained with CBB. Arrows indicate GST-Gαi2 (66 kDa), Homer3 (47 kDa), and GST (26 kDa). C out signaling through the PI3K cascade (Burgering and Coffer, 1995; Franke et al., 1995; Stokoe et al., 1997) . Homer3 cells have normal stimulation kinetics and general magnitude of Akt and Pak phosphorylation ( Figure 4 ). This is in contrast to the Transwell migration assay, in which the majority of Homer3-knockdown cells failed to migrate ( Figure 2B ). Because Homer proteins have been associated with regulation of the actin cytoskeleton via their N-terminal enabled/vasodilator-stimulated phosphoprotein homology 1 (EVH1)-like domain (Ishiguro and Xavier, 2004; Shiraishi-Yamaguchi et al., 2009) , we investigated whether Homer3 plays a similar role in neutrophils. Using purified proteins in an actin cosedimentation assay, we showed that Homer3's N-terminus is necessary and sufficient to bind to actin filaments ( Figure 5A ). This supports a role for Homer3 in regulating actin in cells, which we explored by analyzing how Homer3 knockdown affects actin polymerization. Exposure to fMLP induces transient global F-actin accumulation, which peaks around 1 min and later organizes into a polarized pseudopod at later time points. In control cells, 80% of the stimulated cells have an organized F-actin pseudopod at 7 min, compared with 50% of Homer3 cells ( Figure 5 , B and C). In contrast to the significant polarity defect, Homer3-knockdown cells show normal kinetics and overall magnitude of actin assembly ( Figure 5D ). This suggests that although Homer3-knockdown cells retain their ability to polymerize actin in response to stimulus, they lack the ability to organize the actin into a polarized distribution.
To follow the spatial and temporal dynamics of actin nucleation in live cells, we visualized Hem1-yellow fluorescent protein (YFP), an immune cell-specific subunit of the WAVE2 complex (Hromas et al., 1991; Weiner et al., 2006 ). Hem1-YFP shows strong leading-edge localization in neutrophils and serves as a dynamic marker of actin polymerization in these cells (Weiner et al., 2006 (Weiner et al., , 2007 . Hem1-YFP persistently localized to the leading edge of control and motile Similarly, Homer3-knockdown cells failed to generate a polarized PIP 3 response to a chemoattractant gradient set up by a micropipette ( Figure 5G ). We measured the membrane localization of PHAkt-Citrine, which binds PIP 3 , in response to a micropipette containing chemoattractant. Whereas control cells displayed an asymmetric accumulation of PH-Akt-Citrine toward chemoattractant, immotile Homer3 knockdown cells showed no preferential accumulation. As a control, we measured PH-Akt-Citrine depletion from the cytoplasm and recruitment to the membrane in response to uniform chemoattractant. The initial response in control and Homer3-knockdown cells was the same (Figure 5, G and H) , consistent with our previous phospho-Akt assays (Figure 4 ). In immotile Homer3-knockdown cells, PH-Akt-Citrine returns to the cytoplasm more quickly after stimulation. Homer3 knockdown may affect the persistence of PIP 3 on the membrane, in addition to PIP 3 polarization. This suggests that Homer3 knockdown interferes with the spatial organization of key regulators of actin organization. This result is consistent with the actin assembly polarization defect with Homer3 knockdown (Figure 5, E and F) and suggests that Homer3 functions with Gαi2 to spatially regulate the downstream cytoskeletal polarization necessary for efficient neutrophil chemotaxis.
DISCUSSION
Most chemoattractants act through Gαi heterotrimeric proteins to mediate directional movement, but only a few chemotaxis-relevant both the control (407 of 451 cells, 90%) and Homer3-knockdown cells (465 of 546 cells, 85%; Supplemental Figure S3A ). Since undifferentiated HL-60s do not express the fMLP receptor, this suggests that Homer3 knockdown does not block cell differentiation. To confirm cell differentiation in Homer3-knockdown cells, we used a phycoerythrin (PE)-conjugated antibody for Cd11b, a receptor expressed exclusively on differentiated cells, and measured fluorescence via fluorescence-activated cell sorting (FACS). Nonsense shRNA cells are 97 ± 2% differentiated after dimethyl sulfoxide (DMSO) addition, and Homer3 shRNA cells are 92 ± 5% differentiated (average ± SD of four measurements; Supplemental Figure S3B ). Homer3 knockdown did not affect cell growth or viability through 10 consecutive cell passages (Supplemental Figure S3 , C and D). Thus Homer3 knockdown does not prevent cell signaling in response to chemoattractant, nor does it affect differentiation or viability.
To determine whether other GPCR effectors are activated normally in Homer3-knockdown cells, we next assayed the downstream heterotrimeric G-protein effectors Rac and PI3K, both of which contribute to regulation of neutrophil chemotaxis (Sun et al., 2004; Yoo et al., 2010) . We used phosphorylation of p21-activated kinase (Pak) as a downstream readout for Rac activation (Knaus et al., 1995; Weiss-Haljiti et al., 2004) . We used phosphorylation of Akt to read cells (Kamakura et al., 2013; Li et al., 2013) and may organize Rac activity downstream of GPCR activation. Our work adds to this suite of effectors with the identification of Homer3 as a Gαi2-binding protein that is essential for efficient cell polarity and motility in neutrophils. Homer3 does not act upstream of Gαi2, since the magnitude effectors of Gαi are known. Recent work from other groups has identified two such effectors, mInsc and the Dock180/Elmo1 complex. mInsc indirectly binds Gαi2-GDP via LGN/AGS3 and helps maintain directionality in neutrophils. The Dock180/Elmo1 complex, a Rac GEF, associates with Gαi2 upon stimulation of breast cancer in our pull-down screen, possibly through association with Homer3. Thus it is possible that Homer3 could integrate signals from actin, Rac-GTP, and Gαi2 to enable neutrophils to organize a persistent leading edge. We find that Homer3 binds Gαi2-GTP and Gαi2-GDP with similar affinity. However, this in vitro association is likely to be dependent on chemoattractant-induced dissociation of Gαi and Gβγ in vivo. Gβγ sequesters nonsignaling Gαi2-GDP within cells, interrupting the interaction of Gαi2-GDP with binding partners. Of note, mInsc, another recently discovered Gαi2 effector, does not show a preference for Gαi2-GTP (Kamakura et al., 2013) but still plays a role in organizing cell polarity and colocalizes with free Gαi2 at the leading edge. However, although both mInsc and Homer3 interact with Gαi2 and are required for efficient chemotaxis, our biochemical and genetic data suggest that they act in different pathways. We observe a very different migration phenotype with Homer3 knockdown than what was observed with mInsc knockout. Whereas Homer3 knockdown produces rounded, immotile cells, mInsc knockout produces multiple pseudopodia and lack of persistence (Kamakura et al., 2013) . Moreover, we do not find mInsc in our mass spectrometry data. Taken together, these data suggest that Homer3 and mInsc represent separate pathways from Gαi2 to the cell migration machinery.
In summary, we found that Homer3 associates with Gαi2 and is necessary for the initiation of cell migration. Whereas nonmotile Homer3-knockdown cells can form transient protrusions, they cannot sustain a leading edge and are unable to generate morphological polarity or polarized F-actin accumulation. Similarly, Gαi2-knockout macrophages fail to polarize in chemoattractant (Wiege et al., 2012) . Homer3 may enhance the initiation of migration by scaffolding signaling proteins such as active Rac and actin that regulate early steps in leading-edge organization. From our study, we find that the overall magnitude of actin accumulation and its upstream regulators (Rac, PI3K) is not dependent on Homer3. However, persistent and polarized PIP 3 accumulation and actin assembly depend on Homer3. Our previous work (Ku et al., 2012) demonstrated that there may be distinct control of the intensity versus polarity of the actin cytoskeleton, and our present work on Homer3 provides the first insight into the pathways that specifically control actin polarity. By characterizing Homer3's role in chemotaxis and linking it to Gαi2 and actin polymer, this study enhances our understanding of how Gαi2 contributes to cell migration and actin organization.
MATERIALS AND METHODS

Cell lines and culture
HL-60 cells were cultured as described previously (Dandekar et al., 2013) . Briefly, cells were grown at 37°C/5% CO 2 , in RPMI 1640 medium containing l-glutamine, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;10-041-CM; Mediatech, Manassas, VA), and 10% heat-inactivated fetal bovine serum (FBS). Cell differentiation was initiated by adding 1.5% DMSO (endotoxin-free, hybridoma-tested; D2650; Sigma-Aldrich, St. Louis, MO) to cells in growth media. Cells were used at 2-4 d after differentiation.
of Gαi effectors (calcium influx, Rac activity, PIP 3 production, bulk actin assembly) are unaffected after Homer3 knockdown. This distinguishes Homer3 from Gαi2-interacting proteins that control chemotaxis by regulating the magnitude of Gαi activity, such as the Gα GEF Ric8A (Kataria et al., 2013) .
Our work shows that Homer3 is necessary for the organization of polarity but does not significantly affect overall magnitude of chemotactic effector stimulation. Importantly, the effect of Homer3 knockdown is different from that of most chemotaxis mutants, the bulk of which affect the magnitude of activation of core chemotactic effectors (Weiner et al., 2006) . Deletion of components at all levels of the cascade-Gαi2, Gβγ, Rac, and WAVE-affects both the magnitude and spatial localization of signals such as Rac activation and actin polymerization (Neptune and Bourne, 1997; Glogauer et al., 2003; Weiner et al., 2006; Wiege et al., 2012; Yan et al., 2012) . Deletion of downstream effectors of Gβγ, such as Rac GEFs P-Rex1 and Dock2, also significantly inhibit the magnitude of Rac activation and cell migration (Kunisaki et al., 2006; Lawson et al., 2011) .
The shRNA phenotypes suggest a role for Homer3 in organizing polarized, persistent actin assembly. A large fraction of Homer3-knockdown cells form either transient protrusions or no protrusions in uniform chemoattractant. In addition, the motile Homer3-knockdown cells pause longer, supporting a role for initiation of protrusions. This behavior is in contrast to that in wild-type cells, which form persistent pseudopodia in uniform chemoattractant. Because chemoattractant-stimulated neutrophils can polarize in suspension but Homer3-knockdown cells exhibit a significant defect in this context, this defect is not due to misregulation of substrate adhesion. If the actin nucleation machinery does not localize in one spot long enough to organize a pseudopod, this could explain the transient or absent protrusions in Homer3-knockdown cells.
How might Homer3 organize cell polarity? Consistent with previous studies (Shiraishi et al., 1999) , we show that Homer3 directly binds F-actin. Furthermore, previous studies showed that Homer3 binds directly to active Rac1-GTP and not inactive Rac1-GDP (Shiraishi et al., 1999) . We also find that Rac2 interacts with Gαi2 Differentiation was confirmed with PE-conjugated anti-CDllb antibody (BD Biosciences, Franklin Lakes, NJ).
Cell differentiation
Two hundred thousand cells were pelleted and incubated in 7 μl of CD11b/MAC-I R-PE-conjugated fluorescence antibody (BD PharMingen, San Diego, CA) on ice for 30 min, washed with ice-cold modified Hank's buffered saline solution (mHBSS) with 2% BSA, and resuspended in the same buffer at 10 6 cells/ml for analysis. mHBSS with 2% BSA was used to establish background signal with unstained cells and undifferentiated cells. Cells with fluorescent signal above background were considered differentiated. with the QuantiTect reverse transcription kit (Qiagen). An equal amount of cDNA from each cell line was amplified by real-time PCR (RT-PCR) using SYBR Green QPCR Master Mix (Applied Biosystems, Foster City, CA). Homer3 RT-PCR primers were 5′-CAGGGAGCAGC-CAATCTTCA-3′ (forward) and 5′-GGGAGTGACAGTGCTGTTGA-3′ (reverse). Expression levels were normalized to a housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase [GAPDH] ), and the relative expression value between the samples was calculated based on the threshold cycle (CT) value using the standard curve method.
Transwell chemotaxis assay
Transwell chemotaxis assays were performed using 24-well Fluoroblok Transwell chambers (pore size, 3.0 μm; Corning, Tewksbury, MA) as previously described (Park et al., 2014) . Briefly, cells were stained with the membrane dye DiD (V-22887; Life Technologies), and 300,000 cells in mHBSS with 0.2% BSA were loaded to each top well. Cells were allowed to migrate toward the bottom well containing 10 nM fMLP for 2 h at 37°C. The migrated cells were measured by fluorescence from the bottom of the insert, and the opaque filter prevented excitation of cells on top of the filter. Analysis was performed with a FlexStation 3 Microplate Reader (Molecular Devices, Sunnyvale, CA). The percentage of migrating neutrophils was calculated by dividing the fluorescence reading from each well by the fluorescence reading of the total input cells.
Preparation of high-speed cytosol from pig leukocytes
Pig leukocyte cytosol was prepared essentially as described previously (Weiner et al., 2006) . Pig blood was obtained from Rancho Veal (Petaluma, CA). A 40-l amount of blood was collected into five polypropylene jugs containing a total of 9 l of 1× sterile acid-citratedextrose anticoagulant (80 mM sodium citrate, 15 mM NaH 2 PO 4 , 160 mM glucose, 17 mM citric acid, and 2 mM adenine). Blood was transported to the laboratory at room temperature. At the laboratory, 250 ml of 154 mM NaCl/3% polyvinylpyrrolidone (molecular weight, 360,000) was added per liter of blood plus anticoagulant, mixed thoroughly, poured into 2-l of polypropylene containers, and allowed to settle into two phases for 30-45 min. The upper phase (containing leukocytes and contaminating red blood cells) was decanted and pelleted at 1500 × g for 15 min at room temperature in an IEC swingout bucket rotor. The supernatant was poured off, and the pellets were resuspended in calcium-free mHBSS containing 0.2% BSA. Cells were pelleted at 1500 × g for 15 min. Cells were resuspended in a minimum volume of mHBSS, and then 10× volume of double-distilled H 2 O was added for 20 s to lyse contaminating red blood cells. Then 1.1× volume of 10× mHBSS was added to regain an isotonic solution. Cells were pelleted, washed, and then resuspended in freshly prepared 3 mM diisopropylfluorophosphate in mHBSS to inactivate serine proteases, then allowed to sit for 20 min on ice. Cells were pelleted and resuspended in cavitation buffer (50 mM NaCl, 50 mM Tris, pH 7.5, at 4°C, 5 mM MgCl 2 , 5 mM dithiothreitol [DTT], 1× EDTA-free protease inhibitor tablets [Roche, Basel, Switzerland] per 50 ml of solution). Cells were cavitated in a nitrogen Parr bomb (350 psi, 20 min) into a collection vessel containing ethylene glycol tetraacetic acid (EGTA) for a final concentration of 2 mM EGTA. Disrupted cells were spun at 1500 × g for 15 min to remove nuclei and unbroken cells and then 96,000 × g for 60 min to remove membranes. High-speed supernatant was carefully removed without disturbing the pellet.
Affinity-based chromatography
Rat Gαi2, bacterially expressed as a GST-fusion protein, was purified with glutathione-Sepharose FF (GE Healthcare, Little Chalfont, UK)
Imaging and analysis
Total internal reflection fluorescence (TIRF) images were acquired on a Nikon Ti Eclipse inverted microscope with a 60× Apo TIRF 1.49 numerical aperture (NA) objective and an electron-multiplying charge-coupled device (EM-CCD) camera (Evolve; Photometrics, Tucson, AZ) controlled by NIS-Elements (Nikon, Melville, NY). Sample drift was minimized using an autofocus system (Perfect Focus; Nikon). Laser lines (514, 561 nm; all 200 mW) were supplied from a Spectral Applied Research LMM5 Laser Merge Module (Richmond Hill, Canada). This laser launch uses acousto-optic tunable filters (AOTFs) to control laser output to a single-mode TIRF fiber for imaging. TIRF imaging was performed with ≤50 mW laser power, achieved through AOTF and neutral density-based laser attenuation. Confocal images were acquired in a custom-built environmental chamber with temperature and CO 2 control (In Vivo Scientific, St. Louis, MO) on a Nikon Ti Eclipse inverted microscope equipped with a Yokogawa CSU-X1 spinning disk confocal, a 60× Apo TIRF 1.49 NA objective, and a Clara interline CCD (Andor, Belfast, Ireland). The 405-, 488-nm, and 561-nm laser wavelengths (MLC400B; Agilent, Santa Clara, CA) were used for excitation.
Calcium assays and time-lapse migration assays were imaged using a CCD camera (Cool Snap HQ; Photometrics) and a Nikon TE-2000 inverted microscope with a 20× PlanFluor 0.5 NA objective in an In Vivo Scientific microscope incubator to create a 37°C climate.
NIS-Elements was used for image acquisition, and NIS-Elements, ImageJ (National Institutes of Health), and Excel (Microsoft, Redmond, WA) were used for data analysis. Graphing and statistical analyses were performed using Prism 6 (GraphPad, San Diego, CA). All p values were calculated using t test (populations were of equal variance) or, where indicated, F test, paired t test, or Mann-Whitney test.
Micropipette experiments
Glass capillaries were pulled as described (Dandekar et al., 2013) . Needles were backfilled with a solution containing 1 μM fMLP (F3506; Sigma-Aldrich) and 100 nM Alexa 430 succinimidyl ester (A-10169; Invitrogen, Carlsbad, CA) and held by a micromanipulator (MM-89; Narishige, East Meadow, NY). Agonist flow rate from the pipette was controlled as described (Dandekar et al., 2013) . Cells were labeled with CellMask Orange (Life Technologies, Carlsbad, CA) according to manufacturer's instructions.
Knockdown-line generation
Lentiviral Homer3 and nonsense shRNA control in pLKO.1 were purchased from Sigma-Aldrich. Sequences used in this study were as follows: Homer3 shRNA 1, 5′-CGGCTAAAGAAGATGTTGTCT-3′; Homer3 shRNA 2, 5′-GAACAGCATCTGACACAGTTT-3′; and control shRNA, 5′-GCGCGATAGCGCTAATAATTT-3′. HEK293T cells were grown to 70% confluency in a six-well plate for each lentiviral target and transfected using 0.5 μg of Homer3 or nonsense shRNA, 50 ng of vesicular stomatitis virus-G, and 0.5 μg of cytomegalovirus 8.91 with TransIT-293T (Mirus Bio, Madison, WI) according to the manufacturer's instructions. Medium was changed at 18 h after transfection, and viral supernatant was collected at 42 and 66 h posttransfection. A 4-ml amount of combined viral supernatant was used to infect 10 6 undifferentiated HL-60 cells by spinfection in the presence of 8 μg/ml polybrene. Stable cell lines were generated with 1 μg/ml puromycin selection for 2 wk.
Quantitative real-time PCR
Total RNA was extracted from differentiated HL-60 cells using RNEasy (Qiagen, Mississauga, Canada) according to the manufacturer's instructions. Next 1 μg of total RNA was reverse transcribed tolerance was set to 40 ppm and the fragment ion tolerance to 2.0 Da, using semitrypsin as protease specificity and allowing for up to two missed cleavages. Oxidation of methionine residues, deamidation of asparagine and glutamine, and carboamidomethylation of cysteines were specified as variable modifications. Peptide and protein identifications were further validated with the program Scaffold (version 3.2; Proteome Software, Portland, OR). Protein identifications based on at least two unique peptides identified by MS/MS, each with a confidence of identification probability >95%, were accepted.
Mass spectrometry data analysis
The spectral counts as obtained from the proteomics analysis were used for further data analysis. For each sample, the counts were standardized by calculating the standardized score (Z P ) for each protein-bait combination according to
where X P is the spectral count for protein P, μ is the average count in the sample of the specific bait, and σ is the SD of the counts in the sample. Both the Z P score and the counts were used to estimate the strength of the connection between the protein and the bait. Ranked lists of proteins for a specific bait were constructed by ordering the proteins on the basis of the ratio between the spectral counts in the sample with the bait compared with the control sample. To establish a lower level of the threshold for the counts, the counts of a set of scrambled protein sequences were used. This scrambled set had a median count of 1 and a maximum count of 5. Based on this, all proteins with a count <6 were regarded as false positives and not included in the ranked protein lists. Gene annotations for the SwissProt accession numbers were obtained from the HGNC database (www.genenames.org). Data analysis and graph drawing were done with the statistical package R (www.r-project.org).
Calcium assay
Cells were incubated in medium containing 1 μM fluo-4 AM (F14201; Invitrogen) for 30 min at 37°C. Cells were plated on fibronectin and stimulated by gently adding 100 nM fMLP. Neutral density filters were used to attenuate the intensity of the fluorescence excitation light to prevent spontaneous calcium release. Positive calcium release was scored for cells exhibiting at least a threefold increase in fluorescence intensity.
Phospho-Pak and phospho-Akt assay
Cells were resuspended to a concentration of 2 million/ml in RPMI with 0.2% FBS. We stimulated cells with 10 nM fMLP and quenched the reaction at the indicated time points by adding aliquots of the cell mixture to ice-cold 20% trichloroacetic acid (TCA) containing the phosphatase inhibitors 40 mM NaF and 20 mM β-glycerol phosphate (50020; Fluka, St. Gallen, Switzerland). The samples were spun at 20,000 × g for 15 min to pellet. The sample pellets were washed with 0.5% TCA and resuspended in Laemmli protein sample buffer (161-0737; Bio-Rad) containing 5% β-mercaptoethanol. Protein bands were separated by SDS-PAGE gel electrophoresis, transferred to nitrocellulose, blocked with Odyssey block, and incubated at 4°C overnight with 1:1000 dilutions of anti-phospho-PAK (2605S; Cell Signaling, Danvers, MA) and anti-Pak2 (4825S; Cell Signaling) or anti-phospho-Akt (4060S; Cell Signaling) and anti-Akt (40D4; Cell Signaling). The blot was developed with the fluorescent secondary antibodies, and protein bands were imaged using an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
as previously described (Ghosh et al., 2008) . GST-Gαi2 was loaded with GDP or the nonhydrolyzable GTP analogue Gpp(NH)p using the alkaline phosphatase protocol (Kataria et al., 2013) . Nucleotide loading was assessed with high-performance liquid chromatography (HPLC). For GDP-AlF 4 loading, 50 μM AlCl 3 and 30 mM NaF were added to GST-Gαi2 and incubated at 30°C for 30 min. For the mass spectrometry screen, 3-5 mg of GST or GST-Gαi2 bound to glutathione-Sepharose FF in pull-down buffer (50 mM NaCl, 50 mM Tris, pH 7.5, at 4°C, 5 mM MgCl 2 , 5 mM DTT) was incubated with 50 ml of 3 mg/ml leukocyte lysate overnight with recirculation. The column was washed with three column volumes of pull-down buffer, and bait and bound proteins were eluted with 20 mM glutathione. Peak protein fractions were pooled and concentrated before running an SDS-PAGE gel and cutting bands for mass spectrometry. For preparation of FLAG-Homer3, HEK293T cells were transfected with this expression construct. At 48 h posttransfection, the culture medium was removed, and the cells were washed once with phosphate-buffered saline and lysed with 0.4% NP-40 in pull-down buffer. The 293T lysate was clarified by centrifugation and combined with leukocyte lysate prepared as described. GST-Gαi2 bound to glutathione-Sepharose FF was incubated with FLAG-Homer3 and leukocyte lysate overnight. Proteins were eluted with glutathione and subjected to SDS-PAGE, followed by staining with Coomassie brilliant blue (CBB) or processing for Western blot with 1:1000 anti-FLAG antibody overnight (F1804; Sigma-Aldrich).
For preparation of purified Homer3, bacterially expressed GSTHomer3 was purified and cleaved using thrombin as described previously (Shiraishi-Yamaguchi et al., 2009) . One milligram of GSTGαi2 or GST was bound to glutathione-Sepharose FF beads and then loaded with GDP or Gpp(NH)p using the alkaline phosphatase protocol (Smith and Rittinger, 2002) . Each condition was incubated with 500 μg of Homer3 overnight in pull-down buffer (with 0.1 mM of either GDP or Gpp(NH)p). Beads were washed in pull-down buffer and analyzed with SDS-PAGE and CBB staining. A t test was used to compare the Homer3 fraction in GDP and Gpp(NH)p conditions. Molecular weights were calculated by fitting to a standard curve generated using Precision Plus Protein All Blue Standards (161-0373; Bio-Rad, Hercules, CA).
Protein identification by mass spectrometry
Protein samples were concentrated and separated by one-dimensional SDS-PAGE. After Coomassie staining, each lane was cut into 24 slices and subjected to in-gel digestion with 100 ng of trypsin (Trypsin Gold; Promega, Madison, WI) before reduction with 10 mM DTT and alkylation with 55 mM iodoacetamide. Peptide mixtures were trapped on a C18 reversed-phase EASY-Column and separated on a 100-mm C18 reversed-phase column (75 μm × 100 mm, 3-μm particle size; Thermo Scientific, Waltham, MA) using a linear gradient from 0 to 35% (vol/vol) acetonitrile in 0.1% formic acid over 70 min at a constant flow rate of 300 nl/min. Nanoflow liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed on an EASYII LC system (Thermo Scientific) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific) operating in positive mode. MS scans were acquired in the Orbitrap in the range from 350 to 1800 m/z, with a resolution of 60,000 (full-width at halfmaximum). The seven most intense ions per scan were submitted to MS/MS fragmentation (35% Normalized Collision Energy) and detected in the linear ion trap. Peak lists were obtained from raw data files using the Proteome Discoverer, version 1.3, software. Mascot (version 2.1; MatrixScience, Boston, MA) was used for searching against a sequence database obtained by combining the Escherichia coli with the Homo sapiens proteome sequences. The peptide
Time-lapse migration assays
Three hundred thousand cells were centrifuged at 400 × g for 2 min, resuspended in 12.5 μl of mHBSS containing 2% BSA and 10 nM fMLP, and plated on 5 μg/ml fibronectin-coated coverslips previously blocked with BSA. A coverslip was placed over the cell suspension, and the edges were sealed with a melted mixture of Vaseline, lanolin, and paraffin, forming a squeeze chamber. Starting 10 min after plating, cells were imaged by phase contrast every 10 s for 1 h on a Nikon TE-2000 with a 20×/0.5 numerical aperture objective. The cells were kept at 37°C using a thermostatic chamber.
Cell tracking was performed manually using the MTrackJ plug-in of ImageJ. Cells were scored as "motile" if the maximum displacement from the origin was ≥5 μm (approximately one-half a cell radius) over a given time frame. Error associated with manual rendering of images can result in low speeds in otherwise stationary cells, as well as in fluctuation in instantaneous velocity from any given frame. To determine pauses, a moving average of the instantaneous velocity from the current frame and three previous frames was calculated for each frame of each track. If the moving average fell one SD below the mean velocity, the cell was scored as paused.
Actin cosedimentation
Actin cosedimentation was carried out as described previously (Shiraishi et al., 1999) with slight modifications. For preparation of purified Homer proteins, bacterially expressed GST proteins were purified with 1 ml of GSTrap FF (GE Healthcare) and precleared by centrifugation for 1 h at room temperature (TLA100 rotor, 80,000 rpm). Purified monomeric rabbit skeletal muscle actin was provided by the Mullins lab (University of California, San Francisco, San Francisco, CA). To obtain F-actin, 10 μM of monomeric actin was polymerized for at least 1 h at room temperature in polymerization buffer (10 mM Tris-HCl, pH 7.0, 100 mM KCl, 1 mM MgCl 2 , and 1 mM ATP). F-actin and 10 μM purified protein were incubated together for 45 min at room temperature before centrifugation for 1 h at room temperature (TLA100 rotor, 80,000 rpm). The pellets were then resuspended to the initial assay volume. Equal amounts of supernatant and resuspended pellet were analyzed by SDS-PAGE and Coomassie brilliant blue stain.
F-actin staining and live-cell imaging
Cells were resuspended in mHBSS with 0.2% BSA. Cells were stimulated with addition of 10 nM fMLP, fixed with 3.7% paraformaldehyde in intracellular buffer (140 mM KCl, 1 mM MgCl2, 2 mM EGTA, 320 mM sucrose, 20 mM HEPES, pH 7.5), and incubated on ice for 20 min. After centrifugation at 400 × g for 2 min, the cell pellet was resuspended in intracellular buffer containing 0.2% Triton X-100 and 1:500 rhodamine-phalloidin and stained for 20 min. The cells were centrifuged, resuspended in mHBSS, and analyzed on a FACSAria (BD Biosciences). Size correction for fluorescence intensity was derived from the ratio of background fluorescence from unstained control and Homer3-knockdown cells. Data analysis was performed on FlowJo (TreeStar, Ashland, OR).
Hem1-YFP-expressing HL-60s with nonsense shRNA or Homer3 shRNA were plated using squeeze chambers in RPMI containing 10% FBS and uniform 100 nM fMLP. Cells were imaged with TIRF and analyzed with ImageJ. The polarization of Hem1 localization was calculated by finding the vector between the cell center of mass and the center of mass of the Hem1 signal. A moving average of the angle of polarization was calculated from the current frame and two previous frames. If the moving average was different from the current angle of polarization by <0.3 rad, that frame was considered to have persistent polarization.
